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We report on the experimental observation of the direct decay of a core vacancy in van der Waals clusters by
emission of a fast electron from a neighboring atom. The process can be regarded as an interatomic Coulombic
decay of core holes (core-level ICD). We identify it unambiguously by electron-electron and electron-electron-
photon coincidence spectroscopy of the decay of 2p vacancies in Ar clusters. While several earlier works reported
the absence of this channel, we find core-level ICD to be of considerable significance and quantify the branching
ratio of this nonlocal electron emission to conventional local Auger decay as (0.8 ± 0.2)%. Our results are
supported by calculations on smaller clusters and show a reasonable agreement. This report on a successfully
performed electron-electron-photon coincidence experiment provides a perspective for explorations of matter
exposed to ionizing radiation. The observed core-level ICD is proposed to be of general importance for studies
on charge redistribution after core-level photoionization where van der Waals clusters are often used as prototype
systems.
DOI: 10.1103/PhysRevResearch.2.012022
The decay of electronic vacancies is among the most fun-
damental secondary processes induced by photoionization and
therefore relevant for many fields of physics and chemistry.
Except for vacancies in the outermost valence orbitals, in
general an isolated ionized atom or molecule may decay either
radiatively with emission of fluorescence radiation or, if the
energy stored in the vacancy is above the second ionization
energy, by emission of secondary Auger electrons [1,2].
The situation changes if an ion has neighbors. As first
predicted theoretically [3] and later observed experimen-
tally [4,5], an electronic decay mechanism called interatomic
Coulombic decay (ICD) may be operational here (see also
reviews [6–8]). While Auger decay occurs locally in the ion
increasing its charge, ICD also involves the ion’s environ-
ment, which gets ionized in turn. The charge created in ICD
separates between different monomers. ICD processes are,
in general, very fast. They quench fluorescence [9] and, if
the number of monomers participating in ICD is sufficiently
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large, may even compete with Auger decay [10]. In the related
electron transfer mediated decay (ETMD), an electron from
the environment is transferred to the ion and the environment
gets ionized [11]. In contrast to ICD, ETMD neutralizes one
charge of the initial ion and transfers two charge units to the
environment.
In systems with a core vacancy, ICD or ETMD usually
attracts attention as one part of various cascades starting
with Auger transitions [12–17]. Yet, core vacancies can also
directly decay by ICD. These so-called core-level ICD pro-
cesses were recently studied both theoretically and experi-
mentally in aqueous solutions and hydrogen-bound clusters
using electron spectroscopy. They manifest themselves as
shoulders or separate peaks on the high-kinetic-energy side
of the local Auger peaks [18–24].
Although such processes were also predicted in van der
Waals bound solid Ar, their rates were estimated to be ex-
tremely small (about seven orders of magnitude smaller than
the local Auger decay rates), suggesting that these processes
are elusive [25]. Indeed, experimental attempts failed to ob-
serve core-level ICD following 2p ionization in Ar dimers
[26] and large Ar clusters [27]. However, since noble gas
clusters are commonly used as prototype systems in studies
on interaction of matter with ionizing radiation, the direct
nonlocal decay of core vacancies may have immediate im-
plications. Especially in the emerging field of x-ray imaging
with high-intensity free electron laser (FEL) radiation, pro-
cesses like core-level ICD have not yet been considered to
contribute to charge distribution and nanoplasma formation
[28,29].
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FIG. 1. Schematic representation of possible electronic decays in
clusters. (a) Local Auger decay: a core vacancy is filled by a valence
electron and another valence electron is emitted from the same atom.
(b) Core-level ICD: a valence electron from the same atom fills the
core vacancy and the released energy is transferred to a neighboring
atom thereby ionizing it.
Here, we unambiguously demonstrate the occurrence of
core-level ICD in van der Waals systems by presenting an
observation of these processes in 2p core-ionized Ar clus-
ters. This observation became possible by the application
of highly sensitive electron-electron and electron-electron-
photon coincidence spectroscopies. The experimental results
are supported by theoretical calculations.
In the present experiment, the 2p vacancies were created
by photoionization. The dominant relaxation channel of a 2p
hole is the Auger decay to localized one-site dicationic states
with two outermost 3p vacancies [Fig. 1(a)]:
Ar+(2p−1)Arn−1 local−−−→
Auger
Ar2+(3p−2)Arn−1 + e−Auger. (1)
As presented below in detail, also direct core-level ICD is






The experiment was performed at the BESSY II storage
ring of the Helmholtz-Zentrum Berlin (HZB) using linearly
polarized synchrotron radiation of the U49-2 PGM-1 beam-
line. A setup for electron-photon coincidence experiments as
recently described in detail ([30], configuration A) was used,
including the procedure of data acquisition and elimination
of random coincidences. It combines a magnetic bottle time-
of-flight electron spectrometer [31] and a mirror assembly
for enhancing the solid angle of photon detection. A single-
photon detector equipped with a CsTe photocathode was used,
sensitive for photons in the range from about 120 to 300 nm
(about 4.0 to 10.4 eV) [32]. In the present experiment, the
setup was used for the acquisition of coincidence events of
two electrons and one photon.
Ar clusters were produced by supersonic expansion of
Ar gas through a conical copper nozzle cooled with liq-
uid nitrogen to temperatures between 105 K and 120 K,
corresponding to mean cluster sizes of 〈N〉 ≈ 100 and 〈N〉 ≈
50 [33]. Reference spectra of atomic Ar were taken using
the same source at room temperature. Note that spectra of
clusters inherently contain contributions from remaining free
atoms. Spectra were recorded at exciting-photon energies
E = 436 eV and E = 449 eV. For further details on target
preparation and the coincident detection of photoelectrons and
Auger electrons see Ref. [33].
The experimental L3MM and L2MM Auger spectra of
atomic Ar measured in coincidence with the respective 2p3/2
and 2p1/2 photoelectrons are shown in Fig. 2(a). They are
separated by 2.2 eV corresponding to the spin-orbit splitting
of the Ar 2p−1 core-hole state, and each component shows
contributions from the 3P0,1,2, 1D2, and 1S0 final dicationic
states [34]. Auger electrons with lower kinetic energies (i.e.,
higher binding energy final states) do not reach the detector
due to the retardation voltage applied [33]. Since the electron
spectrometer is not well characterized for such high retarda-
tion voltages [31], some line shapes and relative intensities
of the spectral contributions may deviate from the literature
values [34].
Compared to the pure atomic spectra, the electron-electron
coincidence Auger spectra of a partially condensed Ar cluster
jet represented in Fig. 2(b) show two new structures: the
prominent shoulders at the high-kinetic-energy side of the
atomic peaks and additional weak peaks at even higher kinetic
energies which are well separated from the main Auger lines
and only visible in a magnified presentation. Both structures
appear due to electronic processes in clusters: while the
former originates from Auger decays, the latter is attributed
to core-level ICD processes, as explained in detail below.
The atomic and cluster contributions cannot be separated in
the spectra of Fig. 2(b) because the resolution achieved does
not allow for a proper separation of photoelectrons from atoms
and clusters. However, for the quantification of the branching
ratio of core ICD to local Auger decay it is necessary to
isolate the Auger spectra from clusters. Toward this end we
used electron-photon and electron-electron-photon coincident
methods to efficiently eliminate the atomic contribution from
the spectra.
As demonstrated recently, no electron-photon coincidences
can be observed in atomic Ar for Auger electrons corre-
sponding to the Ar2+(3p−2 3P0,1,2, 1D2) final states [30].
A weak signal appears only for the Ar2+(3p−2 1S0) state.
The situation is, however, dramatically different in clusters.
Here, all localized Auger Ar2+(3p−2) states decay further by
radiative charge transfer (RCT) [26,35]:
Ar2+(3p−2)Arn−1 → Ar+(3p−1)Ar+(3p−1)Arn−2 + hνRCT.
(3)
The energies of the emitted RCT photons can be roughly
estimated from the difference between the potential energy
curves of the dicationic states at the approximate interatomic
distance (∼2.7 Å) at which RCT takes place in Ar2 [26,35].
These energies are about 6.6 eV and 8.3 eV for the 3P0,1,2 and
1D2 states, respectively, which are well within the sensitivity
range of the photon detector. RCT processes involving the 1S0
states result however in the emission of photons of energies
around 10.7 eV, for which the efficiency of the detector
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FIG. 2. Electron spectra after 2p ionization of Ar recorded at an
exciting-photon energy of E = 449 eV (−190 V retarding potential).
Units of the intensity axis are coincidence counts per 0.1 eV energy
bin. (a) Auger spectra of atomic Ar separated according to the
spin-orbit components measured in coincidence with the respective
photoelectrons (see text). (b) Analogously measured Auger spectra
of a partially condensed Ar cluster jet (120 K nozzle temperature).
Note the peaks appearing on the high kinetic energy side are missing
in the atomic spectra. (c) Spectrum of photon-coincident electrons
compared to the overall electron spectrum obtained without coin-
cidences, all for the Ar cluster jet. The peaks seen on the left side
of the vertical dashed line are due to the photoelectrons. (d) Pure
cluster Auger spectra separated for 2p3/2 and 2p1/2 photoionization
as obtained from electron-electron-photon coincidence spectra. No
photon is emitted from the states corresponding to the high kinetic
energy side shedding light on their different nature (see text).
is extremely low, and may not be detected in the present
experiment.
In Fig. 2(c), the electron-photon coincidence spectrum
for the Ar cluster jet is compared to the overall electron
spectrum obtained without coincidences. These spectra have
photoelectron peaks on the left side of the dashed line in
the kinetic energy range between 197–202 eV, which are
filtered out in all other spectra in Fig. 2 [33]. As seen from
these peaks, the atomic contributions (the lower kinetic energy
parts in the double-peak structures) are essentially removed by
the electron-photon coincidences, and the respective photon-
coincident spectrum can thus be regarded as the pure cluster
spectrum. Yet, the contributions from the initial 2p3/2 and
2p1/2 photoionizations cannot be distinguished here because
only one electron was measured in coincidence with the RCT
photon. However, the two Auger components can be obtained
separately by making use of electron-electron-photon coin-
cidences enabling us to filter Auger spectra for emission of
an RCT photon and either the 2p3/2 or 2p1/2 photoelectrons.
These components are shown in Fig. 2(d). As explained
above, there are no contributions from the 1S0 Auger final
states in these spectra.
The LMM Auger spectra of Ar clusters have been studied
in several previous works [26,27,36,37]. Pure cluster spectra
have been obtained and thoroughly investigated in Ref. [36]
with respect to cluster size, scattering, and postcollision in-
teraction effects. The pure cluster Auger spectrum shown in
Fig. 2(c) agrees well with them. Compared to previous studies,
the considerable advance of the present work is the separation
of the pure cluster Auger spectrum into the L3MM and L2MM
components [Fig. 2(d)]. Both have similar structures and
in particular the L3MM component is twice as intense as
the L2MM one. Note that due to the coincidence condition
imposed, the present spectra in Fig. 2(d) are free of influences
of photoelectron recapture and scattering.
To support the assignment of the two weak peaks in the
212–218 eV kinetic energy region [Fig. 2(b)] to core-level
ICD, we first consider their energy separation to the respective
pure cluster Auger peaks. They should be related to the energy
difference between one-site and two-site dicationic states in
clusters. In Ar2, this energy difference is expected to be about
8 eV [26], which is a little larger than the 7.1 eV inferred
from the current spectra. This discrepancy is likely associated
with cluster size and polarization screening effects [38]: in
larger clusters the energy separation between one-site and
two-site dicationic states should decrease because of a larger
polarization screening shift experienced by the former states.
The branching ratio of core-level ICD and local Auger
processes is an important parameter for many applications.
We have determined it as follows. For each of the 2p1/2 and
2p3/2 components, the pure atomic [Fig. 2(a)] and pure cluster
[Fig. 2(d)] Auger spectra were added with individual variable
scaling factors, until the best fit with the cluster jet Auger
spectrum [Fig. 2(b)] was found. Then, the areas of the pure
cluster Auger contribution and the ICD peak (including the
scaling factors) were integrated and compared. Finally, we
account for the absence of the 1S0 channel in the electron-
electron-photon coincident spectra [Fig. 2(d)], which has an
intensity on the order of 10% of the total L2,3M2,3M2,3 area.
The intensity of the local Auger decay was corrected by 10%,
yielding the final result for the core-level ICD to local Auger
decay branching ratio of (0.8 ± 0.2)%.
To further support the above interpretation of the experi-
mental spectra, we have calculated Auger spectra of several
size-selected Arn (n = 2–7, 13, 19) clusters. The cluster ge-
ometries were taken from the Cambridge Cluster Database
[39]. In order to exclude the effect of different interatomic
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FIG. 3. Calculated averaged Auger spectra of Ar clusters of
different sizes plotted on the double-ionization energy scale. All
spectra exhibit two well-separated structures attributed to different
decay processes: local Auger decay (higher DIPs) and core-level ICD
(lower DIPs). The relative intensities of the core-level ICD peaks
grow with increasing cluster size.
separations on the spectra computed in the present work, the
same nearest-neighbor distances of 3.76 Å, corresponding to
the Ar-Ar bond in Ar2, were used in all clusters. The spectra
were computed using a combination of the ab initio second-
order algebraic diagrammatic construction [ADC(2)] method
[40,41] in conjunction with a reduced relativistic pseudopo-
tential basis set [42], and the two-hole population analysis
[43]. An overview of the main steps of the computational
protocol is given in Ref. [33]. For more details, see previous
publications [19,20,23].
The calculated spectra are plotted on the double-ionization
potential (DIP) scale in Fig. 3 as a function of cluster size.
The spectra are averaged over the number of atoms present at
different sites in a cluster and normalized to the maximum in-
tensity. Like the experimental spectra, the calculated ones ex-
hibit two well-separated features. The high-energy and intense
multipeak structure is attributed to Auger processes since all
dicationic states contributing here are of a one-site character.
In contrast, the low-energy and faint double-peak structure
(missing in an isolated atom) entirely contains delocalized
dicationic states and is thus assigned to interatomic decay
processes. Both spectral structures move toward lower DIPs
with increasing cluster size due to polarization screening [38].
The shift is, however, larger for the localized states so that the
energy gap between these two spectral structures gradually
decreases, corroborating the above supposition. Besides the
energy shifts, also the intensity ratio of the ICD and Auger
peaks changes notably. In Ar2 it is only 0.09%, explaining the
failure to observe core-level ICD in experiments on dimers
earlier [26], but reaches 0.35% and 0.47% in Ar13 and Ar19,
respectively.
The deviation between the theoretical core-level ICD to
local Auger branching ratios and the experimental value
can be explained by the different sizes of the experimental
and theoretical clusters. In the former systems, the number
of bulk atoms possessing a complete coordination shell of
twelve neighbors is appreciable, whereas only a very few
such atoms are present in the latter clusters and the rest
FIG. 4. Comparison of the experimental spectrum with the the-
oretical spectrum of the central atom in an Ar13 cluster. The
experimental spectrum is composed of results from electron-
electron-photon coincidences (local Auger) and electron-electron
coincidences (core-level ICD) to higher and lower DIPs of the
vertical dash-dotted line, respectively (see Fig. 2 and text).
consist of “surface” monomers with incomplete coordination
shells. The effect of bulk atoms on Auger spectra is, however,
remarkable as can be inferred from Fig. 4 comparing the
experimental pure cluster spectrum with a theoretical one
obtained for the central “bulk” atom in Ar13. Both spectra
are plotted on the DIP scale such that the positions of the
main maxima composed of the L2MM 1D2 and L3MM 3P0,1,2
peaks coincide and are normalized to the area of the Auger
states (38–48 eV). The experimental spectrum is composed
of results from electron-electron-photon coincidences (local
Auger region) and electron-electron coincidences (core-level
ICD region).
The spectra overall agree well. A perfect agreement is not
expected since the experimental spectrum originates from a
wide size distribution of clusters and different sites within
each cluster, which cannot be reproduced by the calculations
for size-selected clusters. Qualitatively, in the DIP region
above 43 eV the experimental spectrum is lacking the con-
tribution from the 1S0 states (see above). The energy gap
between the Auger and core-level ICD peaks is somewhat
smaller in the experimental spectrum, suggesting that the
polarization screening due to Ar atoms beyond the first co-
ordination shell is not negligible. The theoretical core-level
ICD to Auger branching ratio is 0.98% for the central atom
in Ar13 and thus larger than for the experiment. However, the
experimental value lies reasonably between the values of the
central atom in Ar13 and the total Ar13 cluster, which contains
mostly surface atoms.
In conclusion, we have observed core-level ICD processes
in van der Waals bound clusters by applying electron-electron
and electron-electron-photon coincidence spectroscopy. The
efficiency of these processes has been found to be about 0.8%
of the Auger decay which is smaller than in hydrogen-bonded
systems but not negligible as predicted earlier for van der
Waals systems [25]. Our theoretical calculations support the
experimental observation. They also reveal the sensitivity of
core-level ICD peaks to the local environment, which can
be used for probing the geometric and electronic structures
of various clusters, surfaces, and interfaces. Mixed Xe-Ar
clusters could be particularly attractive systems for a further
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study. Due to the proximity of one-site and two-site dicationic
states in these clusters [44], core-level ICD peaks may par-
tially overlap with Auger peaks acquiring thus considerable
intensity through borrowing it from the Auger states [22]. In
addition, core-level ETMD may be observed there. In strong
contrast to homonuclear clusters considered in the present
work, the energies of ETMD states and the created ions
in mixed systems are distinguishable from those produced
in ICD and Auger processes. Recently, core-level ETMD
processes were observed in aqueous solutions [45,46]. Our
report is on a successful electron-electron-photon coincidence
experiment. We emphasize that this experimental method is
by no means restricted to applications on core-level ICD,
but generally enriches the toolbox of experimental atomic,
molecular, and cluster physics.
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